Abstract. The insulin signaling pathway, involving protein kinase B (PKB) and mitogen-activated protein kinase (MAPK), mediates the biological response to insulin and several growth factors and cytokines. To investigate the correlation between glucose transporter (Glut) biosynthesis and the insulin signaling pathway activated by novel compounds of Liriope platyphylla (LP9M80-H), alterations in Glut and key protein expression in the insulin signaling pathway were analyzed in the liver and brain of ICR mice treated with LP9M80-H. An in vitro assay showed that the highest level of insulin concentration was observed in the LP9M80-H-treated group, followed by the LP-H, LP-M, LP-E, and LP9M80-C-treated groups. Therefore, LP9M80-H was selected for use in studying the detailed mechanism of the insulin signaling pathway in animal systems. In an in vivo experiment, LP9M80-H induced a significant increase in glucose levels and a decrease of insulin concentration in the blood of mice, while their body weight remained constant over 5 days. The expression level of Glut-3 was down-regulated in the liver, or maintained at the same level in the brain of LP9MH80-H-treated mice. These changes corresponded to the phosphorylation of the p38 protein rather than to ERK and JNK in the MAPK signaling pathway. In addition, the expression level of Glut-1 increased significantly after LP9MH80-H treatment of both insulin target tissues in mice. Western blot analysis showed that Akt in the PI3-K pathway mainly participated in Glut-1 biosynthesis. Thus, these results suggest the possibility that the LP9M80-H-induced regulation of Glut-1 and Glut-3 biosynthesis may be mediated by the Akt and p38 MAPK signaling of the insulin signaling pathway in the liver and brain of mice.
Introduction
The insulin signaling pathway in several target tissues transfers signals that promote normal growth and development and the homeostasis of glucose, fat, and protein metabolism into the cell through the stimulation of glucose uptake, glycogen synthesis, protein translation, and synthesis (1, 2) . This pathway generally includes two major downstream pathways: the Raf/Ras/mitogen-activated protein kinase (MAPK) and the phosphatidylinositol-3-kinase (PI3-K) pathways. In the initiation stage of the insulin signaling pathway, the formation of the insulin-insulin receptor complex induced by insulin binding can transfer the signal into two downstream pathways via intermediate molecules such as Shc and the insulin receptor substrate (IRS) (3, 4) . Of the two downstream pathways, the MAPK pathway is activated by the binding of Grb2 to Tyrphosphorylated Shc or IRS via its SH2 domain. This signal leads to the expression of genes associated with glucose metabolism and the induction of mitosis in cells (1) . In particular, glucose transporter (Glut)-3 biosynthesis is mediated by the MAPK pathway to regulate glucose uptake (2) . But the PI3-K pathway is primarily a mediator for the metabolic response to insulin, and leads to a large variety of biological actions, including protein and glycogen synthesis, glucose transportation, and anti-lipolytic and anti-apoptotic activities (1) . In the PI3-K pathway, Akt (protein Ser/Thr kinase B) is activated by PDK1, and plays an important role in cell proliferation and insulin action in cells (1) . Furthermore, Akt has been implicated in regulating the translocation of Glut-4, an insulin-sensitive glucose transporter expressed by muscle and fat cells, and the biosynthesis of Glut-1, a high-affinity glucose transporter expressed in most types of cells (5) . Although the signaling mechanism via the PI3-K and MAPK pathways has been investigated under a variety of stimulations, the precise mechanism of action of the insulin-signaling pathway is not yet fully understood, particularly with respect to how it would respond to various novel compounds.
In oriental medicine, Liriope platyphylla has long been a well-known herb used in treatment of asthma and bronchial and lung inflammation (6) . Liriope platyphylla are perennial seed-reproducing plants, and are widely distributed in the temperate climate region of the northern hemisphere. In Korea, these plants mainly grow in low mountain areas, less than 500 m above sea level, and their leaves remain green throughout the year (7) . The effects of root extracts of Liriope platyphylla in preventing obesity, diabetes, and neurodegenerative diseases have recently been proven in several studies (8) (9) (10) (11) . Of these therapeutic effects, the effects of Liriope platyphylla against obesity and diabetes have long been well-known in Korea. Gyeongshingangjeehwan (GGEx), mainly containing Liriope platyphylla, may effectively prevent obesity and hypertriglyceridemia through appetite inhibition and activation of hepatic PPARÁ in OLETF male rats (8) . A homoisoflavone-enriched fraction in a methanol extract was also found to increase insulin-stimulated glucose uptake in 3T3-L1 adipocytes through increased Glut-4 content in plasma membranes (9) . However, few studies have been conducted to investigate the mechanism of correlation between Glut biosynthesis and the insulin signaling pathway using novel extracts isolated from Liriope platyphylla towards assessing their use in diabetes therapy.
As demonstrated by our data herein, LP9M80-H, a novel extract isolated from Liriope platyphylla, induced significant changes in glucose metabolism in vitro and in vivo. Furthermore, our results show that Akt and p38 as members of the insulin signaling pathway may play an important role in the regulation of the LP9M80-H-induced alterations in Glut-1 and Glut-3 expression in glucose metabolism.
Materials and methods
Cell culture and treatment. The insulin producing HIT-T15 pancreatic ß-cell line was purchased from the Korean Cell Line Bank (Seoul, Korea). This cell line was maintained for 24-36 h in RPMI-1640 (Invitrogen Corp., Carlsbad, CA, USA) containing 10% fetal bovine serum, 2 ml L-glutamine, 1% nonessential amino acids, 100 IU/ml penicillin, and 100 μg/ml of streptomycin. In order to detect an insulin concentration, the wells in 96-well plate were divided into 11 groups involving 1 vehicle and 10 novel extracts, and were further classified into 9 subgroups of different concentrations (vehicle group and the 500, 250, 125, 62.4, 31.3, 15.6, 7.8 and 3.9 μg/ml groups). HIT-T15 cells were seeded at a density of 4x10 4 cells/200 μl in 96-well plates and grown for 24 h in a 37˚C incubator. When the cells attained 70-80% confluence, various concentrations of novel extracts dissolved in DMSO were added to each well and further incubated for another 24 h. After 24 h, culture supernatants were collected from these wells to detect the insulin concentration.
Care and use of animals. The animal protocol used in this study has been reviewed by the Pusan National UniversityInstitutional Animal Care and Use Committee (PNU-IACUC) on ethical procedures and scientific care, and was approved (Approval No. PNU-2008-0056). Adult ICR mice were purchased from Samtacho Co. in Korea and handled at the Pusan National University Laboratory Animal Resources Center according to NIH guidelines. All mice were given a standard irradiated chow diet (Purina Mills, Inc., Seoungnam, Korea) ad libitum, and were maintained in a specified pathogen-free state under a strict light cycle (light on at 06:00 h and off at 18:00 h) at a temperature of 22±2˚C and at 50% relative humidity.
Experimental design and measurement of blood glucose concentration. Eight-week-old ICR mice (n=14) were assigned to one of two groups: the vehicle group and the LP9M80-Htreated group. The first group of ICR mice received a constant volume of olive oil daily via gavage (vehicle-treated group), while the second group received 10 μg/g body weight/day of LP9M80-H (dissolved in olive oil in order to obtain a final concentration of 3 mg/ml) via gavage (LP9M80-H-treated group). At 5 days after LP9M80-H treatment, all of the animals were immediately sacrificed using CO 2 gas in order to prepare blood and tissue samples, which were stored in Eppendorf tubes at -70˚C until assayed. In addition, the blood glucose concentration of the mice was detected after 24 h of fasting using the sensitive strip of the blood glucose monitoring system (i-SENS Co., Seoul, Korea).
Western blot analysis. The proteins prepared from the tissues of the LP9M80-H-treated and vehicle-treated mice were separated by electrophoresis on a 4-20% SDS-PAGE gel for 3 h and transferred to nitrocellulose membranes for 2 h at 40 V. Each membrane was incubated separately with the following primary antiodies: anti-Glut-1 (ab40084, Abcam, Cambridge, UK), anti-Glut-3 (ab15311, Abcam), anti-ERK (sc-94, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-p-ERK (sc-7383, Santa Cruz Biotechnology Inc.), anti-JNK (#9252, Cell Signaling Technology, Boston, MA, USA), anti-p-JNK (#9251, Cell Signaling Technology), anti-p38 (#9212, Cell Signaling Technology), anti-p-p38 (#9211, Cell Signaling Technology), anti-Akt (#9272, Cell Signaling Technology), anti-p-Akt (#4058, Cell Signaling Technology) and anti-actin (A5316, Sigma-Aldrich, St. Louis, MO, USA) antibodies overnight at 4˚C. The membranes were washed with a washing buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , and 0.05% Tween-20) and incubated with a horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody (Zymed Laboratories Inc., South San Francisco, CA, USA) at a 1:1,000 dilution at room temperature for 2 h. The membrane blots were developed using a Chemiluminescence Reagent Plus kit (ECL, Pfizer and Pharmacia, NY, USA).
Quantification of insulin by ELISA.
The insulin concentration in serum samples collected from the LP9M80-H-treated and vehicle-treated mice was determined using the ultra-sensitive assay procedure and the reagents included in the Mercodia Mice Insulin ELISA kit (no. 10-1137-01, Mercodia, Uppsala, Sweden). The serum and the standards were incubated in antibody-coated plates for 2 h at room temperature on a plate shaker at 500-600 rpm. The wells were then washed 6 times using an automatic plate washer (PV100; Hoefer Inc., Holliston, MA, USA). The HRP conjugate was added to all plates and incubated for 30 min at room temperature on a shaker. The reaction was terminated with the addition of a 50 μl stop solution. The plates were read at 450 nm using a Molecular Devices VMax plate reader (Molecular Device Co., Sunnyvale, CA, USA).
Immunohistochemistry. Immunohistochemical analysis was performed as described in a previous study (12) . Briefly, the distribution of insulin protein was observed using optical microscopy after fixing the tissue samples in 5% formalin for 12 h, embedding them in paraffin, and slicing them into 4-μm thick sections. These sections were de-paraffinized with xylene, rehydrated, and pre-treated for 30 min at room temperature with a PBS-blocking buffer containing 10% goat serum. The samples were then incubated with the mouse anti-insulin antibody diluted 1:1,000 on a PBS-blocking buffer. These antigen-antibody complexes were visualized with the biotinylated goat anti-rabbit-conjugated HRP streptavidin secondary antibody (Histostain-Plus Kit, Zymed Laboratories Inc.) diluted 1:1,500 in a PBS-blocking buffer. A stable DAB (Invitrogen Corp.) and an Imazing Densitometer (GS-690; Bio-Rad, Hercules, CA, USA) were used to detect insulin proteins.
Statistical analysis. One-way ANOVA (SPSS for Windows, Release 10.10, Standard Version, Chicago, IL, USA) was used to determine whether significant differences existed between the LP9MH80-H-treated and vehicle-treated groups. All values were reported as the mean ± SD. A p-value of <0.05 was considered significant.
Results

Screening of 10 novel compounds for their insulin secretion ability in an insulinoma cell line.
In order to screen the insulin secretion ability of ten novel extracts purified from Liriope platyphylla, insulin concentrations were detected in the culture supernatant using the previously described insulin ELISA kit. The highest level of insulin concentration was observed in the LP9M80-H-treated group, followed by the LP-H-, LP-M-, LP-E-, and LP9M80-C-treated groups, while other extracts did not induce insulin secretion from HIT-T15 cells (Fig 1A) . Therefore, one of these extracts, the LP9M80-H was selected as the best candidate for a therapeutic drug. Also, in order to determine the optimum LP9M80-H concentration for insulin secretion, insulin concentrations were detected in HIT-T15 cells-treated with various concentrations of LP9M80-H. As shown in Fig. 1B , high levels of insulin were maintained during treatment with 62.5 μg/ml LP9M80-H, but these levels decreased in cells-treated with 31.3 to 3.9 μg/ml LP9M80-H. Therefore, these results suggest that the optimum LP9M80-H concentration for the effective treatment was in the range of 100-120 μg/ml. These concentrations were applied to animal administration tests to induce insulin secretion in pancreatic ß-cells. (8) suggested that Liriope platyphylla may be considered an effective therapeutic drug for diabetes-related diseases using OLETF rats. To investigate whether the LP9M80-H treatment would affect the regulation of glucose metabolism, we measured the serum glucose and insulin concentrations in both the LP9M80-H-treated and vehicle-treated groups after 5 days of treatment. There was no difference in body weight between the LP9M80-H-and the vehicle-treated groups ( Fig. 2A) . The serum glucose concentration was significantly decreased in the LP9M80-Htreated group as compared to the vehicle group (Fig. 2B) . Furthermore, insulin concentrations showed a pattern opposite to that of serum glucose concentrations. LP9M80-H-treated mice showed a significant increase in insulin concentration, compared to the 0.65 μg/l insulin level observed in vehicletreated mice (Fig. 2C) . In order to detect the localization and distribution of the insulin protein in pancreatic tissues, insulin protein immunoreactivity in the pancreatic islet was analyzed using optical microscopy. The insulin immunostaining intensity in the LP9M80-H-treated mice was spread throughout the ß-cells of the pancreatic islets. However, the level of intensity in the vehicle-treated mice was slightly lower than that of the LP9M80-H-treated mice (Fig. 3) . These results suggest that LP9M80-H treatment improves the glucose regulation process through stimulation of insulin secretion in ICR mice.
Effect of LP9M80-H on insulin secretion and glucose homeostasis of ICR mice. Jeong et al
Effect of LP9M80-H on the regulation of Glut expression via the insulin signaling pathway in the liver of ICR mice.
Glut biosynthesis can be regulated by the MAPK and PI3-K pathways of the insulin signaling pathway. In particular, the MAPK pathway mediates Glut-3 expression, while the PI3-K pathway regulates Glut-1 biosynthesis (2). Therefore, to investigate the regulation mechanism of Glut biosynthesis through the insulin signaling pathway after LP9M80-H treatment, the phosphorylation levels of MAPK and PKB members were detected in the livers of ICR mice treated with LP9M80-H. In the MAPK signaling pathway, the highest increase of phosphorylation was observed in ERK. The phosphorylation level of JNK increased significantly due to LP9M80-H treatment, whereas p38 phosphorylation decreased in the same conditions (Fig. 4) . Furthermore, to investigate the effect of the MAPK signaling pathway on Glut-3 biosynthesis, the Glut-3 membrane content in liver tissue was measured. After LP9M80-H treatment, Glut-3 expression decreased significantly in liver tissue compared to vehicle- treated mice (Fig. 6 ). Taken together, these results show that changes in Glut-3 expression correspond to changes in p38 phosphorylation. Therefore, the p38 pathway in the three members of the MAPK signaling pathway may be a main contributor in the regulation of Glut-3 expression in the liver of ICR mice after LP9M80-H treatment. Meanwhile, in the PI3-K signaling pathway, the Akt phosphorylation level was significantly increased in the LP9M80-H-treated group compared to the vehicle group (Fig. 5) . LP9M80-H treatment also induced up-regulation in Glut-1 expression (Fig. 6) . Therefore, these results show that the increase in Glut-1 expression induced by LP9M80-H treatment can be mediated by Akt of the PI3-K pathway in mouse liver.
Effect of LP9M80-H on the regulation of Glut expression via the insulin signaling pathway in ICR mouse brain.
A constant supply of glucose is essential to the brain to maintain proper function (13). To study whether LP9M80-H affects the insulin signaling pathway in maintaining glucose uptake, the alteration of two main pathways belonging to the insulin signaling pathway were analyzed in the brain tissue of LP9M80-H-treated and vehicle-treated mice using Western blot analysis. Of the three components of the MAPK pathway assessed, the level of p-ERK was dramatically increased in the LP9M80-H-treated group compared to the vehicle-treated group, while JNK was slightly increased in that group. However, the phosphorylation level of p38 remained constant in the LP9M80-H-treated group (Fig. 7) . Meanwhile, Glut-3 biosynthesis regulated by the MAPK signaling pathway did not change after LP9M80-H treatment (Fig. 9) . Therefore, these results suggest that the p38 pathway may be a major factor in the regulation of Glut-3 biosynthesis in the brain of ICR mice treated with LP9M80-H.
In the PI3-K pathway, the phosphorylation level of Akt was higher in the LP9M80-H-treated group than in the vehicle-treated group (Fig. 8) . The expression level of Glut-1 associated with the Akt pathway was significantly increased in the LP9M80-H-treated group (Fig. 9) . These results show that the Akt pathway in the insulin signaling pathway may contribute to Glut-1 biosynthesis in LP9M80-H treatment conditions. 
Discussion
Of the many medicinal properties of Liriope platyphylla, its anti-inflamation and anti-microbial effects have been studied the most. Kim et al (14) screened the effects of antibacterial drugs for the extracts of many plants via the detection of inhibitory activity of sortase. Among 80 medical plants tested, Liriope platyphylla, Cocculus trilobus, Fritillaria verticillata, and Rhus verniciflua had strong bacteriocidal activity. Also, in a murine model of asthma, Liriope platyphylla was shown to have strong inhibitory effects on airway inflammation and hyperresponsiveness by modulating the relationship between the Th1/Th2 cytokine imbalance (6) .
Liriope platyphylla has also been considered to be an effective therapeutic drug for human subjects suffering from Alzheimer's disease (AD). AD is the most common form of dementia, characterized by the progressive deterioration of cognitive functions, with loss of memory concurrent with pathogenic alterations. In particular, spicatoside A isolated from Liriope platyphylla induced neuritic outgrowth, similar to the effects of nerve growth factor (NGF) in its activation of ERK1/2 and PI3-K/Akt in PC12 cells (11) . Furthermore, the butanol fraction of Liriope platyphylla induced the expression and secretion of NGF through a PKC-dependent pathway, increasing the neuritic outgrowth of PC12 cells (10) . Furthermore, subchronic administration of ethanolic (70%) extracts improved learning and memory by enhancement of BDNF or NGF expression (15) . Based on these results, we selected Liriope platyphylla in this study as a therapeutic plant having a great potential for new drug development. In addition, the current study provides useful information on the study of the insulin action mechanism, and can contribute to the development of diabetes therapies.
Diabetes is a major worldwide health problem characterized by abnormal insulin regulation, as well as derangement in carbohydrate and lipid metabolism (16) . Also, this disease is diagnosed by the presence of hyperglycemia and markedly increases cardiovascular mortality and serious morbidity related to development of nephropathy, retinopathy, and neuropathy (17) . Of the two types of diabetes, type 2 or noninsulin-dependent diabetes mellitus (NIDDM) accounts for more than 90% of the cases, and is characterized by the triad of (a) resistance to insulin action on glucose uptake in peripheral tissue, (b) impaired insulin action that inhibits hepatic glucose production, and (c) dysregulated insulin secretion (18) . In this disease, the production and secretion of insulin is very important to the supply and activation of circulating insulin.
Many compounds isolated from medical plants have been widely investigated as insulin regulators. Our study aimed to determine whether LP9M80-H, a novel extract isolated from Liriope platyphylla, would contribute to increasing insulin levels in vitro and in vivo. Ten novel extracts have been isolated from Liriope platyphylla with various chemicals such as ethanol, methanol, and butanol. LP9M80-H extracts having especially high stimulation ability were purified with hexane from the LP-H extract. However, a homoisoflavoneenriched fraction from Liriope platyphylla with 70% ethanol, and sequentially separated with Diaion HP-20 and silica gel Figure 9 . Expression levels of Glut-1 and Glut-3 in the brain of vehicletreated and LP9M80-H-treated mice. The Glut-1 and Glut-3 protein expression in the brain was detected with anti-Glut-1, anti-Glut-3 primary antibodies, and horseradish peroxidase-conjugated goat anti-rabbit IgG as described in Materials and methods. The intensity of the Glut protein was calculated using an imazing densitometer. The values are the mean ± SD. * p<0.05 is the significance level compared to the vehicle-treated group. column chromatography, was the first to show the insulin sensitizing effect (9) .
Some new drugs have already been developed to treat type 2 diabetes patients. Troglitazone, originally discovered from a Japanese plant, was approved as the first drug to reduce insulin resistance via either enhancing or mimicking insulin action, while it did not affect insulin secretion from ß-pancreatic cells (19, 20) . However, this drug showed a severe adverse effect on the livers of treated animals. Furthermore, several agents originating from medicinal plants have been reported as insulin sensitizers. One extract of Polygonatum odoratum Druce showed an antihyperglycemic effect by promoting insulin sensitivity (21) . However, some active compounds such as homoisoflavonoids, sterols, and steroidal glycosides have been isolated from Liriope platyphylla, but their functions have not been directly studied. Therefore, in this study, ten fractions were screened for their function as insulin stimulators and glucose regulators in a pancreatic ß-cell line. LP9M80-H was selected as a potential candidate for use in diabetes therapy. In animal experiments, LP9M80-H significantly induced an increase in glucose concentration and a decrease in insulin concentration. Immunohistochemical analysis showed that insulin secretion in the pancreas was significantly increased in LP9M80-H-treated mice (Fig. 3) . Furthermore, we investigated whether LP9M80-H treatment could affect the insulin signaling pathway in several target tissues. As a first step we selected two main organs, the liver and the brain, that are tightly correlated with insulin action.
One main pathway of the insulin signaling pathway, the MAPK family, is involved in the control of growth and differentiation, as well as in apoptosis signaling (22) (23) (24) . The MAPK pathway, involving ERK1/2, JNKs, and p38 MAP kinase (p38), has been well characterized in various studies. In particular, several studies showed that the MAPK signal pathways are activated by different stimuli. p38 and JNK are activated in response to many cytotoxic stresses such as hydrogen peroxide (H 2 O 2 ), UV radiation, tumor necrosis factor (TNF-·), heat shock, and X-rays (25) (26) (27) , but ERK is activated by various growth factors and mitogens in processes of cell differentiation, growth, and survival (25) .
Generally, the activation pathway of ERK involves three stages of phosphorylation. In these stages, activated Raf (MAPKKK) phosphorylates MEK1/2 (MAPKK), which in turn phosphorylates ERK1/2 (MAPK) (28) . Furthermore, ERK mediates glucose metabolism in glomerular podocytes and umbilical vein endothelial cells under high glucose conditions (29, 30) , but there have been few studies on the mechanism of the correlation between glucose concentration and the MAPK signaling pathway in the liver and the brain. In this study, of members of the MAPK signaling pathway, the highest activation was observed in the ERK pathway in the liver and the brain after LP9M80-H treatment. However, p38 activation was decreased by LP9M80-H in the liver, while it was unchanged in the brain (Figs. 4 and 7) . It is well known that basal or constitutive glucose uptake is mediated by Glut-1 and Glut-3 (31) . Therefore, we investigated to find the constituent of MAPK that mediates the signal for Glut-3 expression in the liver and brain. Western blot analysis of Glut-3 and MAPK members showed that the phosphorylation level of p38 corresponds to Glut-3 expression in LP9M80-H treatment conditions. Therefore, these results suggest that Glut-3 biosynthesis may be regulated by the p38 pathway of the MAPK family in the liver and the brain after LP9M80-H treatment (Fig. 10) . The second main pathway mediated by Akt is the cellular homologue of the transforming oncogene v-Akt (32) . The primary mechanism of Akt activation involves PI3-K, PDK1, and PDK2. This signaling pathway also leads to a specific endpoint response such as Glut-1 biosynthesis. In this study, Western blot analysis showed that LP9M80-H treatment significantly induced the activation of Akt, regardless of the organ. Furthermore, this activation corresponded with Glut-1 expression (Fig. 10) .
Taken together, our results show that LP9M80-H, a novel extract of Liriope platyphylla, could be a potential therapeutic compound for diabetes. Moreover, this study suggests that p38 MAPK and Akt in the insulin signaling pathway tightly associate with Glut biosynthesis after LP9M80-H treatment.
